ABSTRACT: Double perovskites containing Ir 6+ /Ir 5+ with formula Sr 2 MIrO 6 (M = Ni, Zn) have been synthesized under high oxygen pressure conditions. Their crystal structures have been studied by X-ray and neutron powder diffraction at room temperature (RT) and 2 K. At RT, these oxides crystallize in the monoclinic space group P2 1 /n with unit-cell parameters a ≈ √2a 0 , b ≈ √2a 0 , and c ≈ 2a 0 , and β ≈ 90°. The thermal evolution of the structure of the Ni-containing compound shows the presence of two phase transition in the 373−673 K interval following the sequence P2 1 /n → I4/ m → Fm3̅ m. These materials have also been characterized by magnetic measurements, suggesting the onset of antiferromagnetic interactions at T N = 58 and 46 K, for M = Ni, Zn, respectively. X-ray absorption spectroscopy sheds light on the oxidation states of M and Ir ions within these double perovskites.
■ INTRODUCTION
Recently, the study of iridium-based oxides has attracted a lot of attention in materials science, since elements with 4d and particularly 5d electrons are expected to present unusual electronic structures due to their characteristic spin−orbit coupling. 1 4d and 5d orbitals, especially in compounds as layered oxides such as Sr 2 RuO 4 , Sr 2 RhO 4 , Sr 2 IrO 4 , 2 and NaIrO 3 , 3 are more spatially extended than the 3d orbital, and thus the Coulomb interaction is typically weaker, leading to a greater level of splitting of the crystal field and an increment of their sensitivity to lattice distortions. In perovskite oxides, where the 4d and 5d transition metal cations are located inside oxygen octahedra, in addition to the crystal field splitting also relevant is the spin−orbit coupling that results from the large atomic number of heavy transition elements. A large spin−orbit coupling modifies the relative energy scales as its level approaches the energy of the Coulomb interactions. This phenomenon may lead to the appearance of novel phases with unconventional electronic structures.
For large enough spin−orbit coupling, the new effective spin states lead to a great deal of novel Mott insulating states, possible spin liquids in the hyperkagome lattice, orbitaloriented exchange coupling in Kitaev-type models, topological Mott insulators, and topological magnetic insulators with axionic excitations. 4 In particular, pyrochlore iridates have been broadly studied because novel topological phases have been theoretically proposed due to their geometrical frustration. 5 Perovskite iridates, on the other hand, show a wide range of properties going from metal conductivity and Pauli paramagnetism in SrIrO 3 6,7 to weak ferromagnetism, orbital magnetism, and spin−orbit effects in BaIrO 3 . 8−10 Morever, the introduction of a 3d magnetic cation in the B sublattice in a double perovskite could introduce even new and interesting properties.
In the last years, double perovskites of stoichiometry Sr 2 BB′O 6 (B = 3d transition metals; B′= 4d or 5d transition metals or p-block elements: Mo, Re, W, U, Sb, Te, Ru) have been widely studied due to their intriguing physical properties as half-metals with colossal magnetoresistance (Sr 2 FeMoO 6 , Sr 2 FeReO 6 ) 11 or magnetic order far above room temperature (Sr 2 CrOsO 6 , Sr 2 CrReO 6 ). 12, 13 However, analogous oxides with perovskite or perovskite-like structure containing iridium have been much less explored. The stabilization of Ir 5+ and Ir 6+ is especially interesting since Ir 5+ −O and Ir 6+ −O bonds should be among the strongest chemical bonds in an oxygen lattice. The covalency of such chemical bonding is correlated with the values of the magnetic ordering temperature. In fact, it has been theoretically predicted that hypothetical double perovskites such as Sr 2 CrIrO 6 should exhibit the highest T C ever reported for half-metallic ferromagnets. 14 Some iridium-based double perovskites, with iridium taking the oxidation states Ir 5+ and Ir 6+ , have been previously described in the pioneering work by Demazeau et al. 15 in 1995, where Ir 6+ is combined with a divalent cation, such as Ca 2+ and Mg
2+
. Some years later, several perovskites with Ir 5+ and a trivalent M 3+ transition metal (Co and Fe) and rare earths were reported. 16−18 Also the crystal structure, the magnetic and electric properties of some members of the SrIr 1−x M x O 3 (M = Fe, Co, Ni, and Zn) solid solution were described by Ilyas Qasim et al. 19 The main motivation of our current research is to explore novel 3d−5d double perovskites containing Ir
6+
. In this work. we have been able to stabilize for the first time Sr 2 MIrO 6 (M = Zn and Ni) under high-oxygen pressure and high temperature (900°C) conditions. We report a complete study of the crystallographic structure from neutron powder diffraction (NPD) data, complemented with magnetic measurements and X-ray absorption spectroscopy; the magnetic properties of iridium ions in the presence of both diamagnetic Zn cations and magnetic Ni cations will be also discussed.
■ EXPERIMENTAL SECTION
Polycrystalline samples of Sr 2 ZnIrO 6 and Sr 2 NiIrO 6 were prepared via citrate-nitrate method. Stoichiometric amounts of 0.004 mol of Sr(NO 3 ) 2 (Merck) and 0.002 mol of ZnO (Alfa-Aesar 99.999%) or 0.002 mol of Ni(NO 3 ) 2 ·6H 2 O (Merck), respectively, were dissolved in 100 ml of citric acid aqueous solution (10% w/w) with 1 ml of HNO 3 . IrO 2 (Strem 99%) (0.002 mol) was added to this solution and remained in suspension with continuous stirring. This suspension was slowly evaporated leading to organic resins that contain a homogeneous distribution of the involved cations. After evaporation, the resulting resins were dried at 140°C and then heated at 600°C in air for 12 h, with a heating rate of 2°C/min, in order to decompose the organic materials and eliminate the nitrates. Subsequently, annealing treatments in an oxidizing atmosphere were necessary to obtain pure perovskite oxides, with iridium cations taking the oxidation states Ir 5+ and Ir
6+
. In both samples, the obtained precursor powders were ground in an agate mortar, placed in alumina boats, and heated in a CARBOLITE tubular furnace at 900°C in an O 2 flow for 12 h with a heating rate of 3°C/min. Finally, the samples were reground, introduced in a gold crucible, and heated in a MORRIS RESEARCH furnace at 900°C (heating rate of 10°C/min) under 200 bar of oxygen for 48 h.
The reaction progress was followed after each treatment by X-ray diffraction (XRD), using a Bruker-AXS D8 diffractometer (40 kV, 30 mA), controlled by DIFFRAC PLUS software, in Bragg−Brentano reflection geometry with Cu Kα radiation (λ = 1.5418 Å) and a position sensitive detector (PSD). XRD patterns at different temperatures (298, 373, 473, 573, 673, 773, 873, 973, and 1073 K) were also carried out for Sr 2 NiIrO 6 oxide using a Panalytical X′Pert PRO theta/2theta diffractometer equipped with a high-temperature chamber (HTK 1200N) and Xenon detector.
To study the crystallographic structures, neutron powder diffraction (NPD) patterns were collected at room temperature at the highresolution D2B diffractometer (λ = 1.594 Å) of the Institute LaueLangevin (ILL) in Grenoble. The possible magnetic ordering of the samples at 2 K was studied from NPD diagrams, acquired on the D1B instrument (λ = 2.52 Å). High-temperature NPD data were also collected for M = Ni at D2B at 473, 573, and 873 K to investigate possible phase transitions. The NPD data were refined by the Rietveld method, 20 using the FULLPROF refinement program. 21 A pseudoVoigt function was chosen to generate the line shape of the diffraction peaks. No regions were excluded in the refinement. The following parameters were refined in the final runs: scale factor, background coefficients, zero-point error, pseudo-Voigt corrected for asymmetry parameters, positional coordinates, and isotropic displacements.
The magnetic properties were studied using a commercial Quantum-Design superconducting quantum interference device (SQUID) magnetometer. The magnetic susceptibility was measured both in zero-field-cooled (ZFC) mode and field-cooled (FC) mode in the 4 ≤ T ≤400 K range under an applied magnetic field of 0.1 T. Isothermal magnetization curves were obtained for magnetic fields going from −5 to 5 T at 4 and 300 K.
X-ray absorption near edge spectroscopy (XANES) was collected simultaneously in both the transmission and fluorescence mode on powder samples on X-19A beamline at the Brookhaven National Synchrotron Light Source. In order to compare the samples of Sr 2 ZnIrO 6 6 and Sr 2 ZnIrO 6 were obtained as black and well-crystallized powders. Figure 1 shows the XRD patterns, characteristic of perovskite-type structures. Both compounds exhibit superstructure reflections, (011) and (013), due to the rock-salt ordered arrangement of Ni 2+ /Zn 2+ and Ir 6+ cations in B and B′ double perovskite sites combined with the tilting of the BO 6 octahedra. The XRD patterns were fit to the structural model developed from NPD data, described below in a monoclinic unit-cell in the space group P2 1 /n (No. 14). The unit-cell parameters are related to a 0 (ideal cubic perovskite a 0 ≈ 3.8 Å) as a ≈ √2a 0 , b ≈ √2a 0 and c ≈ 2a 0 , β ≈ 90°.
An accurate structural refinement was carried out from RT high-resolution NPD data using a model described in the monoclinic P2 1 /n space group with Sr atoms located at 4e (x y z) positions, Ni/Zn at 2d (1/2 0 0) positions, Ir at 2c (1/2 0 1/ 2), and the three types of oxygen atoms at 4e (x y z) sites, which resulted in a satisfactory agreement between the observed and calculated profiles (Figure 2) . In a further step, for Sr 2 ZnIrO 6 the fit of the neutron diffraction profiles was strongly improved by allowing a small degree of disorder in the Zn vs Ir distribution, which means the refinement of the level of antisite disorder between Zn and Ir cations at both B and B′ sites, resulting in a percentage of long-range ordering of 87% for Sr 2 ZnIrO 6 . For Sr 2 NiIrO 6 a long-range ordering of 92% was determined from XRD data, since the neutron scattering lengths between Ni (1.03 fm) and Ir (1.06 fm) are extremely similar to each other; this value was fixed in the final NPD refinement. Also we have refined the occupancy factors of oxygen atoms, and the results confirm a full stoichiometry for the Sr 2 NiIrO 6 sample and the presence of some oxygen vacancies for Sr 2 ZnIrO 6−δ (δ = 0.13). After the final refinement, very reasonable fits (R I ≈ 2.99% for Ni compound and 3.04% for Zn compound) were obtained. Tables 1 and 2 list the most  important atomic parameters of the structural refinements and  Tables 3 and 4 include the interatomic distances and some selected bond angles for Sr 2 NiIrO 6 and Sr 2 ZnIrO 6 , respectively. Figure 2 illustrates the goodness of the fit for both compounds. An alternative refinement in the Pbnm space group, corresponding to a B-site disordered crystal structure, is described in the Supporting Information, including Figure S1 . This disordered model was finally discarded. As an irrefutable evidence, the inset of Figure 2b shows ; the average <Zn−O> bond length (2.044(9) Å) is somewhat lower than the sum of the radii given by Shannon (2.14 Å), suggesting a compression of the Zn−O bonds.
It is also interesting to have an insight on the valences of the cations through the calculation of the bond-valences from structural data. (Table 4) . It is worth noting that in the Ni compound the <Ir−O> bond-lengths are longer, although the unit-cell parameters are rather smaller than in Sr 2 ZnIrO 6 ; this fact confirms the presence of higher percentage of Ir 6+ (0.52 Å) 15 ions are placed in a quasi-regular octahedral environment. This result will be considered in the Discussion of the magnetic results, since the effective magnetic moment for the Ir 6+ ions can be described as the spin-only value when they are placed in the center of an ideal octahedron.
Low-temperature NPD data were also collected in order to evaluate the possible establishment of a magnetic structure for both compounds. Figure 3 shows the difference between the NPD patterns at RT and 2 K. For Sr 2 NiIrO 6 , a new weak reflection of magnetic origin appears at low temperature at 2θ ≈ 11°, indicating that the compound exhibits long-range magnetic ordering. However, with one magnetic peak it was not possible to define the propagation vector k and resolve the magnetic structure.
For Sr 2 ZnIrO 6 , no differences have been observed between both NPD diagrams at 2 K and RT. The absence of magnetic contribution in the low-temperature diffractograms indicates the imperfect establishment of a long-range ordered spin arrangement. Below a certain threshold of long-range coherence, the neutron magnetic Bragg peaks may not have the required intensity to be observed above the background. The imperfect long-range ordering may be due to the formation of a spin-glass state driven by magnetic frustration; the certain degree of antisite disordering (13%) may also be determinant to promote magnetic disordering and frustration.
High-Temperature Evolution of the Crystal Structure of Sr 2 NiIrO 6 . The XRD patterns collected between RT and 1073 K for Sr 2 NiIrO 6 are displayed in Figure S3 (Supporting Information). A reduction of the splitting of some peaks is observed when the temperature increases, indicating a reduction of the distortion of the unit cell and therefore a possible phase transition. The room temperature phase for Sr 2 NiIrO 6 is correctly defined in the monoclinic P2 1 /n space group, but at higher temperatures (between 673 and 1073 K) the structure could be accounted for in a cubic cell with Fm3̅ m space group.
In the temperature range between 473 and 673 K another characteristic splitting is observed; a shoulder appears in the peak at 2θ ≈ 76.3°(marked with an arrow in Figure S2b , Supporting Information), corresponding to the (116) reflection. This shoulder does not satisfy the reflection conditions for either P2 1 /n or Fm3̅ m space groups, confirming the existence of an intermediate tetragonal phase. The diffraction patterns were indexed satisfactorily with a tetragonal unit-cell in the I4/m space group. Therefore, the thermal evolution of the structure of Sr 2 NiIrO 6 shows the presence of two phase transitions following the sequence P2 1 /n → I4/m → Fm3̅ m when the temperature increases. A schematic view of the crystal structures corresponding to the different phases is displayed in Figure 4 . The temperature dependence of the lattice parameters refined using XRD data at all the measured temperatures is shown in Figure 5 , illustrating the increase of the symmetry with the temperature.
A more exhaustive study of the phase transition was carried out in the high resolution D2B instrument (ILL-Grenoble). Figure S4 (Supporting Information) clearly displays a different splitting scheme for the 473 and 573 K NPD diagrams at high angles with respect to the RT pattern and finally a lack of splitting for the 873 K diagram. The crystal structure of the Sr 2 NiIrO 6 perovskite was refined in the tetragonal I4/m space group at 473 and 573 K, whereas a cubic Fm3̅ m space group was successfully used to define the 873 K structure. Figure 6 shows the goodness of the fits at these temperatures above RT. Figure S5 (Supporting Information) highlights the difference between the 573 and 873 K patterns, clearly showing that the refinement of the structure at 573 K in the cubic Fm3̅ m space group does not account for some of the reflections (marked with an arrow in Figure S4b) . Tables 1 and 3 summarize the refined parameters using the NPD diffraction data at 473 and 573 K in the tetragonal model and at 873 K in the cubic one. The tables show the unit-cell and displacement parameters, and the main bond distances and selected angles. Magnetic Properties. The molar magnetic susceptibility versus temperature curves for the Sr 2 NiIrO 6 and Sr 2 ZnIrO 6 samples are displayed in Figure 7 , suggesting the establishment of antiferromagnetic interactions at Neél temperatures (T N ) around 58 and 46 K, respectively. There is a divergence between ZFC and FC curves below ∼150 K for both compounds; this effect corresponds to magnetic irreversibilities which may be related with magnetic frustration or canting of the spins. 32, 33 In the Sr 2 ZnIrO 6 compound, it appears that there is a second transition responsible for the 150 K anomaly, the origin of which is unclear, although we discard the presence of a second phase, which has not been observed by XRD or NPD data. Below 30 K there is an increase of magnetic susceptibility, which is a very frequently observed feature corresponding to a paramagnetic tail, coming from the imperfect long-range ordering of the antiferromagnetic material, leaving some isolated patches of nonordered atoms which follow the usual thermal dependence of paramagnetic substances. As shown in the inset of Figure 7 , for M = Ni the reciprocal susceptibility data do not obey the Curie−Weiss Law above T N , which is probably due to the dependence of the effective moment of Ir 5+ with temperature, depending on the degree of spin−orbit coupling. 18, 34 For M = Zn, the linear fit gives a value of the experimental paramagnetic moment of μ eff = 3.82 μ B with a negative values of Weiss temperature (−430 K), suggesting the presence of antiferromagnetic interactions in this compound.
Moreover, in Sr 2 ZnIrO 6, where iridium is the only magnetic ion, the experimental value corresponds to three unpaired electrons (t 3 2g e g 0 ) and confirms the stabilization of Ir 6+ . According to the expression μ eff = μ spin-only (1 − 4λ/10Dq), where λ is the spin−orbit coupling constant, the effective magnetic moment, μ eff , of d 3 cations (ground term 4 A 2g ) is expected to be reduced from the spin-only value by the factor (1 − 4λ/10Dq). 15, 35 However, the calculated value of μ spin-only (Ir 6+ ) = 3.87 μ B is in reasonable agreement with the experimental value. This t 3 2g electron configuration in the ideal octahedral crystal field has a nearly null orbital angular momentum.
The magnetization vs magnetic field curves, measured at 4 and 300 K (Figure 8 ) present an almost linear behavior confirming the presence of antiferromagnetic interactions. The inset plots of Figure 8 show a subtle magnetic hysteresis in both compounds indicating weak ferromagnetic interactions possibly due to the canting of the spins.
X-ray Absorption Measurements. 3d Row K-Edge XAS: Ni and Zn. X-ray absorption spectroscopy studies have been useful to clarify the oxidation states in both materials. The Ni− K near-edge features are due to transitions from the 1s to 4p states superimposed on an underlying step-feature due to the onset of continuum transitions. Multiple 4p features associated with different 3d configurations and with differing orbital orientations make the interpretation of the near edge features nontrivial. 36−38 Nevertheless, the systematic energy shifts in the K-edges, upon doping/chemical changes, and the variation of feature intensities can serve as indicators of charge states in 3d transition metal compounds.
The Ni−K edge of La 2 TiNiO 6 , recorded as a reference (see the central portion of Figure 9a ), is typical of Ni 2+ 3d-row perovskite-based materials. By comparison, the Ni 3+ standard LaNiO 3 spectrum has a broader main peak and is chemically shifted to higher energy. The intensity and structure (an intense peak with a higher energy shoulder) for the Sr 2 NiIrO 6 compound spectra are intermediate to those of the Ni 2+ and Ni 3+ standards, since the main edge peak of the Ir-compound is shifted to higher energy relative to the Ni 2+ perovskite standard. Referring to Figure 9b , the Zn−K edge spectra of La 2 TiZnO 6 and Sr 2 ZnIrO 6 are compared with an energy scale equivalent to that in Figure 9a . Despite the Zn 2+ state for both of these compounds, the Ir-compound peak-feature is shifted up in energy relative to the Ti-compound. Indeed, the results of the neutron study also suggest a Zn valence above the divalent state, which is unphysical and may be related to covalency effects.
The pre-edge features of the Ni-compounds, presented on enlarged absorption coefficient and energy scales in the lower right inset of Figure 9a , can be used to corroborate the substantial amount of Ni 2+ present in Sr 2 NiIrO 6 . The pre-edge features at the K-edges of 3d transition metal compounds are due to quadrupole-allowed transitions into final d-states or into hybridization-allowed dipole transitions into d/ligand-p states and are shifted below the main edge by the final state delectron/core-hole Coulomb interaction. 36−38 The structure of these pre-edge features varies with the d-state structure in the different valence states. Moreover with increasing valence (decreasing d-orbital occupation) the integral area and centrum-energy of the pre-edge features typically increase. In the left upper inset of Figure 9a , the pre-edge feature of Sr 2 NiIrO 6 can be seen to have a substantially lower intensity and energy (like the NiO and La 2 TiNiO 6 Ni 2+ -standards) relative to the LaNiO 3 Ni 3+ -standard. Thus, the main-and preedge Ni−K edge results mutually support the predominant Ni Figure S6 , Supporting Information, the Fe K-edge of Sr 2 FeIrO 6 is shown along with a number of Fe standard compounds. In analogy to that described above, the Fe 2+ standard spectra (FeO and LiFePO 4 ) lie much lower in energy relative to the Fe 3+ standard spectrum (LaSrFeO 4 ). The spectral evolution toward a ∼Fe 4+ state (see SrFeO 3-δ ) involves a more subtle energy shift but a substantial decrease in the main peak intensity at the edge. The similarity in chemical shift energy and edge feature structure to that of LaSrFeO 4 motivates a Fe 3+ identification for the Sr 2 FeIrO 6 compound. As mentioned above, the Fe−K pre-edge region provides a useful contribution for the Fe valence state identification. An expanded view of the pre-edges of the Fe−K edge spectra are shown in the inset of Figure S6 . The strong similarity in energy and intensity of Sr 2 FeIrO 6 and LaSrFeO 4 pre-edges, coupled with the strong disparities compared to the pre-edge spectra of the higher and lower valence standards, are clear in the inset. Thus, the pre-edge spectra confirm the main-edge Fe 3+ -identification for Sr 2 FeIrO 6 .
Ir L 3 -edge XAS. The L 2,3 edges of transition metal (T) compounds manifest very intense "white line" (WL) features due to dipole transitions into final d states. In an octahedral ligand field, the 10 d states are split into a t 2g state lying below e g multiplets with respective six-and 4-fold degeneracies. In many high-hole (low-electron) count octahedral T-4d and -5d compounds, separate t 2g and e g related features can be discerned in their L 2,3 edge 38,39 spectra. In such materials, the relative intensities of the separate t 2g and e g features can visually reflect hole (electron) 38,39 count variations. In addition, the increasing chemical shift of the WL features to higher energy with increasing T-d hole count (increasing valence) is also observed. Here the reflection of the varying Ir-valences in the Ir-L 3 edges of a series of compounds will be considered. Figure  10 shows the Ir-L 3 edges of elemental-Ir, IrO 2 and the double -spectrum is noticeably shifted to lower energy with respect to the M = Mg, Zn, and Ni spectra. The M = Mg 2+ and Zn 2+ spectra lie quite close and M = Ni 2+ has a slightly higher energy shift. Thus, the signature of the formal Ir 6+ character in the M = Mg, Zn, and Ni spectra (relative to the M = Fe 3+ , Ir 5+ -spectrum) is clear but not large.
In order to highlight the modest Ir 5+ -Ir 6+ spectral changes, the M = Fe 3+ spectrum has been shifted up in energy until it coincided approximately with the M = Ni 2+ spectrum in the high energy side of the WL feature. This is the energy range where the empty states of the e g orbitals should have a similar spectral structure. A spline fit interpolation of the shifted M = Fe 3+ spectrum was then subtracted from the M = Ni 2+ spectrum to extract the Δμ difference spectrum plotted on a 5-fold enlarged vertical scale in the inset of Figure 10 . Here the Δμ difference spectrum is intended to illustrate the distribution of excess t 2g hole states on the rising edge of the WL feature of the M = Ni compound. The M 2+ Ir 6+ compounds all have such an excess intensity on the rising edge-shoulder of the WL; however, these shoulder features are rather subtle.
■ DISCUSSION X-ray powder diffraction and neutron powder diffraction studies show that Sr 2 NiIrO 6 and Sr 2 ZnIrO 6 crystallize with the monoclinic P2 1 /n superstructure at room temperature. The structure consists of a tridimensional network of Ni/ZnO 6 and IrO 6 alternating octahedra with 1:1 rock-salt ordering. For the Sr 2 NiIrO 6 perovskite, the size and the charge difference between both cations as driving force for the long-range ordering is reinforced by the covalence of Ir−O bonds, since the anion polarization is maximum for asymmetric B−O−B′ linkages rather than for symmetric B−O−B linkages. For the Zn perovskite, the difference in the size and charge between both cations is even higher; thus, the Zn/Ir long-range ordering is also possible according to the Anderson et al. 40 criterion. Table 2 shows that ZnO 6 octahedron is larger than IrO 6 octahedron, which agrees with the difference of ionic radii. 6 . At room temperature, the structure can be described, in the framework of rigid octahedral rotations, with the a The first phase transition corresponds, thus, to the reduction of two tilts in "anti-phase" in the a and b directions, in addition with a change from "in-phase" to "anti-phase" in the c direction, as shown in Figure 4 . In the second phase transition, the suppression of this rotation along the c axis leads to an untilted cubic symmetry.
The magnetic measurements suggest the establishment of antiferromagnetic interactions at Neél temperatures (T N ) around 58 and 46 K, respectively. The divergence of the field-cooled and zero-field-cooled curves at low temperature suggests the existence of geometrical frustration in these materials. Magnetic frustration is a common phenomenon in antiferromagnetic double perovskites, and it is attributed to the competition between different magnetic interactions. When frustration arises from the geometry or topology of the lattice, it is named geometric frustration. It occurs in Kagome lattices, based in an equilateral triangle, and also in three-dimensional systems, such as face centered cubic (fcc) compounds and pyrochlores. In double perovskites, the rock-salt sublattice consists of the interpenetrating B and B′ fcc sublattices, and thus, these systems may show magnetic frustration. 41, 42 A frustration index f frus , defined as f frus = |θ Weiss |/T N , is normally used as a measure of the degree of frustration in a magnetic material. 43 Usually for geometrically frustrated materials f frus > 10. The f frus for Sr 2 ZnIrO 6 is ∼9.5, confirming the presence of magnetic frustration in our compound. This effect may also account for the absence of long-range magnetic ordering observed by low temperature neutron diffraction.
■ CONCLUSION
In conclusion, double perovskites 3d-5d containing Ir 5+ −Ir 6+ , with the formulas Sr 2 MIrO 6 (M = Ni, Zn), have been prepared from citrate precursors under oxidizing conditions. XRD and NPD studies confirm that these oxides present an ordered arrangement of the B-site cations at room temperature and that its structure at RT can be described with the P2 1 /n space group. A XANES study gives a complementary insight of the oxidation states of 3d and Ir ions. The study of the temperature dependence of the crystal structure shows the presence of two phase transitions for Sr 2 NiIrO 6 compound in the 373−673 K interval. The susceptibility measurements suggest the establishment of antiferromagnetic interactions at Neél temperatures (T N ) around 58 and 46 K, respectively. The divergence in the field-cooled and zero-field-cooled curves at low temperature may indicate the existence of geometrical frustration in these materials, which accounts for the absence of long-range magnetic ordering observed by low temperature neutron diffraction for M = Zn. 
